C orneolimbal epithelial stem/progenitor cells are a small subpopulation of oligopotent cells located primarily in the basal epithelial layer of the limbus. They produce undifferentiated progeny with limited proliferative potential that migrate centripetally from the periphery of the cornea to replace cells desquamating during normal life. [1] [2] [3] [4] [5] [6] [7] Corneal limbal stem cells reside primarily in the palisades of Vogt in a niche which maintains their "stemness" by producing a unique anatomic and functional milieu. 8, 9 Although the exact anatomic location of the niche is thought to be the limbus in humans, it has recently been proposed that epithelial stem/progenitor cells of equal potency are distributed throughout the entire ocular surface in other mammals. 10 Detection of corneal epithelial stem cells is the object of controversy between many groups, as there is still no universal consensus over which marker(s) should be used. Side population (SP) cell detection is a commonly used method to quantify these cells. Stem cells express the SP phenotype based on the ability to efflux the DNA-binding dye Hoechst 33342.
11-13 SP cells have also been identified in the hematopoietic compartments of different species, and have been isolated from various other adult tissues. 12, 13 These findings suggest that the SP phenotype represents a common feature of adult tissue-specific stem cells, and the same method has been used to isolate stem cells from human, rabbit, rat, and mouse limbi. 14 -17 The cornea is the most densely innervated tissue in the body, being 400 times more sensitive than the skin. 18 Corneal nerves, in addition to their well known sensory function, help maintain the integrity of the ocular surface by releasing epitheliotrophic substances that promote corneal surface health. 19 The limbus, where stem cells reside, is densely innervated; however, the role of these nerves is poorly understood. 20 It has been suggested that various nerve-secreted factors and neuropeptides such as nerve growth factor (NGF), substance P, acetylcholine, and brain-derived neurotrophic factor (BDNF) could influence corneal stem cells, and play a role in maintaining epithelial integrity, and promote epithelial proliferation. 19 It has also been shown that human corneal stem cells express TrkA which is a high affinity receptor for NGF. [21] [22] [23] Moreover, corneal limbal stem cells grown in the presence of both epidermal growth factor (EGF) and nerve-secreted factors show the highest rate of colony expansion in vitro compared with EGF alone. 24 However, the influence of corneal denervation on epithelial stem/progenitor cells has not yet been studied in vivo.
The purpose of the present study was to elucidate the relationship between corneal stem/progenitor cells and trigeminal nerves in vivo using a mouse model of denervated cornea. Herein, we hypothesize that corneal stem/progenitor cell survival and/or function is dependent on intact corneal innervation. Our data demonstrate that sensory nerve deprivation of cornea affects stem cell homeostasis and lead to a significant decrease in both the frequency and the function of corneolimbal stem/progenitor cells.
METHODS Animals
Six-to 8-week-old male C57BL/6 mice (Taconic Farms, Germantown, NY) were used for this study. The research protocol was approved by 
Experimental Procedure
Neurotrophic keratopathy (NK) was induced in mice by electrocoagulation of the ophthalmic branch of the trigeminal nerve, as previously described by Ferrari et al. 25 Briefly, animals were anesthetized with a ketamine (100 mg/mL)-xylazine (20 mg/mL)-acepromazine (15 mg/mL) mixture. The animal was then mounted in the stereotactic frame and a median incision was made on the skull. The bregma (the point of conjunction of coronal and sagittal suture) was identified and chosen as a point of reference. The skull was opened with a dental drill, and a conductive electrode was lowered at 3 different locations on the ophthalmic trigeminal nerve and a 2 mA current was passed.
After removal of the electrode, the skin of the skull was sutured. In addition, a tarsorrhaphy (lid closure) was performed to reduce the risk of infection, and to assure that the effect on stem/progenitor cells is primarily due to the direct denervation but not secondary to the dryness caused by abolishment of blink reflex and loss of tears. Tarsorrhaphy was kept on for the entire length of the study until Day 7. Finally antibiotic ointment was placed on the suture and buprenorphine (0.1 mg/kg body weight every 8 to 12 hours for 72 hours) and 1 mL of saline were injected subcutaneously. Corneal sensitivity using a cotton filament was recorded pre-and postoperatively comparing the blinking of the treated eye (left) with the control eye (right). The effectiveness of the procedure was confirmed by biomicroscopy of the cornea, testing blink reflex and immunostaining with ␤ tubulin III (neural marker) at 7 days after the procedure. All the animals used for the experiments showed an abolished blink reflex. All animals were euthanized by carbon dioxide overdose followed by cervical dislocation. All the procedures were performed in the Schepens Eye Research Institute Animal Facility, following an approved protocol.
Isolation of Corneal Epithelial Cells
On postexperimental procedure Day 7, corneas from normal and denervated animals (n ϭ 8 per group) were obtained by scissor dissection under an operating microscope. Corneal epithelial cells were freshly isolated from the normal and denervated eyes after EDTA (Sigma, St. Louis, MO)-mediated removal of the corneal stroma and incubated for 60 minutes at 37°C. The corneal epithelium was subjected to digestion with DNase I (Roche Diagnostics, Basel, Switzerland)/trypsin (Gibco, Grand Island, NY)-EDTA for 45 minutes at 37°C. After incubation, the harvested cell suspension was filtrated through nylon mesh and centrifuged for 10 minutes at 1250 rpm. The pellet was resuspended in 1.0 mL of Dulbecco's Modified Eagle's Medium (DMEM) with 10% fetal calf serum (FCS), and the number of cells was determined by hemocytometry.
Immunohistochemistry
Cryostat sections of 5 m thickness were prepared from tissue embedded in compound (Tissue-Tek OCT; Sakura Finetek, Torrance, CA). After fixation with cold acetone for 10 minutes, the tissues were incubated with 10% goat serum containing 0.3% Triton X-100 (room temperature [RT], 1 hour) for ATP-binding cassette subfamily G member 2 (ABCG2), and with 2% bovine serum albumin and goat serum (RT, 30 minutes) for hairy enhancer of split 1 (Hes1). 26 For ABCG2 staining, overnight incubation with a rat monoclonal antibody anti-BCRP/ABCG2 (20ϫ) (Abcam, Cambridge, MA) was performed. For Hes1 staining, rabbit anti-Hes1 polyclonal antibody (1000ϫ) was used (a gift from Tetsuo Sudo, Toray Industries, Japan). The sections were then incubated (RT, 1 hour) with the appropriate primary antibody and washed three times in phosphate-buffered saline (PBS) containing 0.15% Triton X-100 for 15 minutes. Antibody binding was detected by Alexa 488-conjugated secondary antibodies (Invitrogen-Molecular Probes, Grand Island, NY). The slides were washed (three times) in PBS containing 0.15% Triton X-100 for 15 minutes. Nuclear counterstaining was performed with 4, 6-diamidino-2-phenylindole (DAPI; Vectashield; Vector Laboratories, Burlingame, CA). For p63 staining, after fixation with a cold mixture of methanol and acetone for 10 minutes, we incubated with MOM mouse IgG blocking reagent (Vectashield; Vector Laboratories) when we used mouse mAbs (50ϫ) (Monoclonal Mouse Anti-Human p63; Dako; RT, 1 hour). The samples were incubated overnight with the appropriate primary antibody, and were treated with biotinylated second antibody and finally with Cy3-conjugated streptavidin (Jackson Immuno Research, West Grove, PA). The slides were washed three times in PBS for 15 minutes, coverslipped using antifading mounting medium containing DAPI and examined under a confocal microscope (Leica TCS 4D; Lasertechnik, Heidelberg, Germany). For ␤ tubulin III staining, the cornea was harvested and fixed in paraformaldehyde 4%, stained with anti-␤ tubulin III antibody (200ϫ) (Rabbit anti-␤ tubulin III polyclonal antibody; Chemicon, Grand Island, NY) and with a secondary conjugated antibody (200ϫ) (Donkey anti rabbit IgG FITC, Santa Cruz Biotech, Santa Cruz, CA). Corneal whole mounts were prepared using a mounting medium. Images were taken at magnification ϫ400. Control incubations were done with the appropriate normal mouse, rat, and rabbit IgG at the same concentration as the primary antibody.
Real-Time PCR
RNA was isolated (RNeasy Micro Kit; Qiagen, Valencia, CA) and reverse transcribed (Superscript III Kit; Invitrogen, Carlsbad, CA). Real-time PCR was performed using a PCR mix (TaqMan Universal PCR Mastermix; Invitrogen) and preformulated primers for ABCG2 (assay ID Mm00496364_m1), p63 (assay ID Mm00495788_m1), Hes1 (assay ID Mm00468601_m1), Keratin15 (assay ID Mm00492972_m1), N-cadherin (assay ID Mm00483213_m1), p75 (assay ID Mm01309635_m1), TrkA (assay ID Mm01219407_m1), NGF (assay ID Mm00443039_m1), and GAPDH (assay ID Mm99999915_gl) (all from Applied Biosystems, Austin, TX). Results were analyzed by the comparative threshold cycle method and normalized to GAPDH as an internal control.
Hoechst 33342 Exclusion Assay
Freshly isolated corneal epithelial cells were resuspended at a concentration of 1 ϫ 10 6 cells/mL in DMEM containing 2% FCS and incubated with 5 g/mL Hoechst 33342 (Sigma-Aldrich, St. Louis, MO) dye. To determine the effect of verapamil on the Hoechst 33342 efflux, the cells were preincubated with verapamil (50 M; Sigma-Aldrich) before the addition of Hoechst 33342 dye. After the incubation for 60 minutes at 37°C, propidium iodide (2 g/mL) was added to exclude dead cells from the analysis, and the cells were then analyzed on a flow cytometer (LSR II; BD Biosciences, Franklin Lakes, NJ). Hoechst 33342 was excited at 350 nm with a UV laser and fluorescence emission was detected through 450-nm band-pass (Hoechst blue) and 660-nm longpass (Hoechst red) filters.
Colony-Forming Efficiency Assay
3T3 fibroblasts in DMEM containing 10% FCS were treated with MMC for 2.5 hours at 37°C and then treated with trypsin-EDTA and plated at a density of 3 ϫ 10 4 cells per well into 12 mm culture plates. Each well was then seeded with 1 ϫ 10 3 corneal cells in defined keratinocyte media with 5% FCS. The cell cultures were incubated at 37°C under 5% CO2 and 95% humidity. The cultures were incubated for 10 days. After 10 days, cultured cells were then stained with rhodamine B for 30 minutes. Colony-forming efficiency (CFE) was calculated as the percentage of colonies per number of inoculated cells.
Statistical Analysis
Student's t-test was used for comparison of mean between the groups. Data are presented as mean Ϯ SEM and considered significant at P Ͻ 0.05.
RESULTS

Establishment of a Denervated Model Using Trigeminal Stereotactic Electrolysis (TSE)
We induced experimental NK in mice by means of TSE. All the animals used in the experiments showed complete absence of blink reflex after 7 days. The TSE-treated animals developed epithelial defects (Figs. 1A and 1B ) similar to patients affected by NK. The denervation was confirmed with ␤ tubulin III immunostaining which revealed massive disruption of the subbasal nerve plexus after TSE (Figs. 1C, 1D ). In addition, we compared the tear volume between denervated and normal contralateral eyes using a modified phenol red thread test. At Day 7, denervated eyes (0.34 Ϯ 0.1 mm) showed significantly reduced phenol thread wetting compared with the contralateral eyes (2.1 Ϯ 0.09 mm) (data not shown). Therefore, in the present study to prevent the epithelial damage due to the dry eye like conditions, a tarsorrhaphy was performed immediately after denervation and kept all the time until Day 7.
Immunostaining and mRNA Expression of Stem Cell Markers
Expression of ABCG2, p63, and Hes1 were observed in the normal corneal limbal cells (Figs. 2A, 2C, 2E ). All these stem/progen- itor cell markers were decreased in the denervated eyes after 7 days (Figs. 2B, 2D, 2F ). To further compare and quantify the levels of expression of these markers, we performed real-time PCR.
We analyzed the expression levels of ABCG2, Hes1, p63, Keratin15, and N-cadherin in the normal and denervated corneas by real-time PCR (Fig. 3A) . Denervated corneas showed decreased mRNA expression levels of ABCG2 (5-fold reduction; P ϭ 0.001), p63 (2-fold reduction; P ϭ 0.059), Hes1 (3-fold reduction; P ϭ 0.006), Keratin15 (3-fold reduction; P ϭ 0.003), and N-cadherin (5-fold reduction; P ϭ 0.0001) compared with those in normal corneas. Moreover, we examined the expression levels of NGF, the low-affinity NGF receptors (p75) and the high-affinity NGF receptors (TrkA) in the normal and denervated corneas (Fig. 3B) . Denervated corneas showed decreased mRNA expression of p75 (5-fold reduction; P ϭ 0.008) and TrkA (2-fold reduction; P ϭ 0.032), and increased mRNA expression of NGF (3-fold increase; P ϭ 0.005) compared with those in normal corneas.
Quantification of Stem Cells by Means of Side Population Cells
A distinct population of cells with a characteristic tail of low Hoechst 33342 blue-red fluorescence was gated using normal fresh mouse cornea epithelial cells. Side population cells could be detected by verapamil-sensitive disappearance of the tail. We compared the quantification of corneal epithelial stem cells in normal versus denervated corneas (Fig. 4A) . We repeated the experiment three times (8 eyes per experiment), and found that this population comprised only 0.42 Ϯ 0.08% of cells in denervated corneas, compared with 1.99 Ϯ 0.03% of cells in the normal eyes (Fig. 4B) . As shown in Figure 4B , an approximately 75% reduction of SP cells was observed 7 days after denervation compared with the healthy eyes (P Ͻ 0.001).
Analysis of Stem Cell Colony-Forming Efficiency (CFE)
We investigated the proliferative potential of corneal epithelial stem cells using the CFE assay (Figs. 5A , 5B). After 10 days of culture, the colony-forming efficiency (number of colonies/ plated cells using a 3T3 feeder layer) of epithelial cells from denervated corneas (3.0 Ϯ 0.4%) was significantly reduced (approximately 50%) compared with CFE from normal corneas (5.73 Ϯ 1.10%; P Ͻ 0.05).
DISCUSSION
In this study, we used TSE to induce NK in mice. The effectiveness of this technique was confirmed by the development of characteristic neurotrophic epithelial defects, absence of blink reflex, and massive loss of corneal nerves 7 days after TSE. Using this model, we found a significant decrease in corneal epithelial stem/progenitor cell number and function. To the best of our knowledge, this is the first report showing that sensory deprivation affects stem/progenitor cells homeostasis in vivo. Mouse corneal stem cells have been characterized as SP cells by Krulova et al. 17 In the present study using the similar method of quantitative flow cytometry, we observed a significant (75%) decrease in SP cells in denervated eyes. To further characterize and quantify these cell populations, we studied the expression of stem/progenitor cell markers, and found 80% reduction in ABCG2 expression in denervated corneas. In addition to expression by stem cells, ABCG2 and p63 may be expressed by the transient amplifying and basal epithelial cells, 26, 27 and that could be the reason for their detection in both the peripheral cornea and limbal area. On the other hand, Hes1 is known to regulate corneal development and the homeostatic function of corneal epithelial stem/progenitor cells and is expressed predominantly in the corneal limbal zone. 28 Taken together, all these putative stem/progenitor cell markers were decreased in the denervated eyes. Finally, we demonstrated a 50% decrease in stem/progenitor cell function as tested with the colony-forming efficiency assay. In summary, our data demonstrate that stem/progenitor cells are affected by denervation both quantitatively and qualitatively.
Recent studies in various animal models have shown that many nerve-secreted peptides such as substance P are important for epithelial regeneration and wound healing, and are significantly reduced in NK, which is associated with defective wound healing. 29 -32 Amniotic membrane is commonly used in ocular surgery and in the cases of NK as a biological bandage to improve corneal wound healing. It has been proposed that these therapeutic effects are, at least in part, due to neurotrophic factors contained in the amniotic membrane. [33] [34] [35] Corneal stem/progenitor cells have an important role in wound healing. In healthy innervated rabbit, corneal stem cells have been shown to increase fivefold; 1 day after a scrape injury, and return to normal levels on Day two. 36 In contrast, the denervated eyes used in our experiments exhibited evident epithelial defects 7 days after TSE (Fig. 1A) and no increase, but rather a decrease of stem cells (75% reduction). This, together with the diminished function reflected by the CFE assay, could provide an important insight into why NK eyes are so prone even to minor injuries and develop unhealing ulcers.
Interestingly, a marker for corneal stem/progenitor cells, ABCG2, is also expressed by neural progenitor cells, suggesting a potential close relationship between nerves and epithelial stem/progenitor cells. 37 Although no literature exists regarding the impact of peripheral sensory innervation on epithelial stem/progenitor cells, there is anecdotal evidence of defective mobilization of bone marrow stem cells in conditions such as diabetes, where peripheral nerves are severely impaired. 38 Similarly, neuroneoplasmic synapses have also been shown to be associated with tumor stem cell migration and proliferation. 39 Regarding the eye, diabetic keratopathy may represent a paradigm for the dysfunctional interaction between corneal epithelial stem/progenitor cells and nerves. Diabetic patients suffer severe peripheral neuropathy which is associated with the development of persistent corneal epithelial defects. 40 -43 Interestingly, Saghizadeh et al. (IOVS 2010 ;51:ARVO E-Abstract 2954) have recently demonstrated decreased limbal stem cells in human diabetic corneas, which supports our findings that neuropathic states are associated with stem cell dysfunction. However, the high tear glucose concentration and the protean complications of diabetes make it difficult to fully dissociate the contribution of nerve depletion versus other pathologic aspects of the disease, to stem cells reduction. We suggest that our model, which selectively removes sensory innervation from the cornea, represents an excellent way to study these interactions.
In conclusion, our results suggest that corneal stem/progenitor cells are significantly reduced in number and function in our animal model of ocular denervation. We provide novel evidence for the critical role of innervation in maintaining corneal epithelial cells and/or the stem cell niche. It is provocative to speculate that the functional relationship between nerve and stem cells described in this article could apply to other epithelial/nonepithelial stem cells in the body. These findings contribute to our understanding of factors relevant for maintaining the stem cell niche, and suggest new ways of manipulating stem cell number and function, as more sophisticated neuroprotective strategies are developed. 
